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Abstract: Research Highlights: Data indicated that fire severity modulates natural regeneration of
Cytisus scoparius and Salix atrocinerea communities and drives much stronger effects on the germination
of the dominant species. Background and Objectives: Previous studies demonstrated that fire severity
induces different behaviours in plant species. Mother plant age is an important feature that must
also be considered in plans of forest restoration. The objectives were to determine, in field studies,
the effect of fire severity on the natural regeneration of C. scoparius and S. atrocinerea communities,
to know the role of mother plant age on the germination of seeds of C. scoparius and S. atrocinerea,
and to quantify their germination response at different levels of fire severity, in laboratory settings.
Material and Methods: We have analysed the role of fire severity on the natural regeneration of C.
scoparius and S. atrocinerea communities considering cover and height. Forty 30 × 30 m plots were
randomly located in C. scoparius and S. atrocinerea communities. Fire severity on the germination of
dominant species was tested through different levels of smoke, charcoal, ash, and heat. Results: High
severity reduced the vertical cover and growth in height of the two communities and favoured the
increase of cover of woody species in the C. scoparius community and herbaceous species in the S.
atrocinerea community. Mother plant age determined germination percentages of C. scoparius seeds.
Germination of C. scoparius was increased by moderate heat, and heat and smoke; and fire severity
greatly reduced germination of S. atrocinerea. Conclusions: The regeneration responses after fire were
largely controlled by interactions between the fire severity and the individual species regeneration
strategies. For restoration purposes, C. scoparius seeds should be treated with 80 ◦C and smoke for
10 min, in order to increase germination; however, Salix seeds should be used without treatment and
immediately after dispersion.
Keywords: fire severity; natural regeneration; germination; mother plant age; Cytisus scoparius;
Salix atrocinerea
1. Introduction
Fire regimes are expected to change in many areas of the world due to changes in climate and
land use, causing larger, more frequent, and more severe fires [1–3]. Southern Europe is one of the
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most vulnerable regions to climate change [4]. One of the most important attributes that modulates the
structure of plant communities is the severity of fire (loss or change in ecosystem biomass) [5–7]. The
severity of fire can have a strong impact on early succession after fire, which will ultimately determine
the structure and functioning of forest ecosystems [8]. Understanding the relation between fire severity
and the natural regeneration of communities is essential for mitigating the adverse effects of fires and
for maintaining beneficial ecosystem functions and services [9].
The post-fire restoration of burned areas is a major task for international administrations and
forest services. The relevance of post-fire restoration is likely to increase as fire regimes worldwide are
expected to be altered, with an increase in fire recurrence, extent, and/or severity of wildfires due to the
ongoing climate change [10,11].
Among other factors, natural regeneration is dependent on the regenerative strategies of the
species [12]. Fire severity influences the post-fire regeneration of plants [13,14], which is also
strongly dependent on the woody or herbaceous plant habits and the regenerative strategies of
species [15,16]. Species from fire-prone environments have developed several strategies that allow
them to survive recurrent fires: According to their post-fire regeneration, plants are divided into
seeders and resprouters [17,18]. Resprouters tend to survive fire primarily by sprouting new shoots
from epicormic or lignotuberous buds but can also reproduce by occasional seed germination in periods
between fires [19,20].
Obligate seeders do not resprout and are often killed by fire; however, some of them depend on
fire to trigger germination from a canopy or soil seed bank to provide population replacement, and
thus can be short-lived with a high population turnover [20]. In the Atlantic areas of Europe, there are
two species widely distributed and dominant in the mixed shrub and herbaceous communities where
they occur: Cytisus scoparius L. (Link) and Salix atrocinerea Brot. These two species have very different
reproductive strategies: C. scoparius is an obligate seeder shrub and S. atrocinerea is a facultative
resprouter tree. Their communities are composed of woody and herbaceous species [21,22].
A major indicator of how a forest responds to fire is the reproductive strategy of the species [12,23,24].
Germination and dormancy can vary depending on the age of the mother plant. The mother plant age
has remarkable effects on the progeny’s response to disturbance [25–28]. In some species with hard
seeds and a persistent seed bank, mother plant age plays an important role on the germinative response
to fire [29]. Thus, the age of the mother plant is an important feature that must be taken into account
in studies of reproductive behaviour after fire. The severity of a fire is usually simulated through the
main factors of fire: Heat and smoke in the majority and also charcoal and ash in the most complete
studies [30,31].
These factors usually produce very different responses depending on the species and also on
the level or quantity of the factor studied [23,32–34]. Although there are numerous studies on the
germination response of different species in relation to fire, there are very few studies conducted on
S. atrocinerea [21] and C. scoparius [35,36], and none that combine the effects of the severity of the fire
and the age of the mother plant.
On the other hand, the characteristics of S. atrocinerea and C. scoparius as pioneer species, with great
capacity to colonise open spaces, great seed production, and rapid growth, make them suitable species
to restore burned areas [37] and minimise the invasion of degraded lands by invasive species [38].
Also, Salix is widely used in restoring damaged ecosystems. It provides a low cost-effective material
for stabilisation and restoration of disturbed landscapes, phytoremediation, both riparian and upland
erosion control, and biomass production [39].
We hypothesize that fire severity determines the natural regeneration of S. atrocinerea and
C. scoparius communities, influences the germination behaviour of these two dominant species, and
drives different regeneration patterns on communities with contrasting reproductive strategies of
dominant species. For these reasons, the following objectives were proposed:
(1) To determine the effect fire severity on the natural regeneration of woody and herbaceous
species of C. scoparius and S. atrocinerea communities considering cover and height.
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(2) To know the role of mother plant age on the germination of seeds of C. scoparius and S. atrocinerea,
to quantify their germination response at different levels of fire severity through the main factors of
fire (smoke, charcoal, ash, and temperature) and, in species with fire stimulating effects, to evaluate
combined fire factors on germination of seeds of mother plants with different ages.
2. Materials and Methods
2.1. Biological Material
Scotch broom, C. scoparius (Leguminosae), is a long-lived shrub native to Western and Central
Europe [40]. Pioneer and ubiquitous, it grows in moors, coppices, and understories, from plains
to 1700 m in altitude. It has been widely introduced as an ornamental plant and it can now be
found naturalised in temperate areas of eastern and western USA and Canada, Hawaii, Chile and
Argentina, eastern New Zealand, south-eastern Australia, India, Iran, Japan, and Western Cape, South
Africa [22,41–45]. Sexual maturity has been observed after 3 years [45]. Mature populations with
more than 7 years of age reached 3500 seeds/m2 [46] and buried seeds can remain dormant in the soil
for periods of up to 60–80 years [47,48]. C. scoparius seeds have a hard cover and are dispersed by
spontaneous opening of fruit or dehiscence [49]. Seeds with impermeable coatings, like Cytisus seeds,
usually exhibit an important physical dormancy [50]. C. scoparius seeds are dispersed by pod over a
short distance. This species shows seed dormancy and develops a persistent seed-bank [45,51].
Willow, S. atrocinerea (Salicaceae) is a fast growing tree found in southwest, central and northern
Europe, and northern Africa. It is found in permanently moist soils, nitrified or not, that are preferably
poor in bases. The maximum altitude that it can reach is 2000 m [52]. It is a species of riparian
environments or flooded soils. A mature population of Salix sp. can produce 7650 seeds m−2·year−1 [53].
Seed dispersal is favoured by wind and water [54]. Salix seeds are very lightweight (<0.005 g) could
produce about 5·106 seeds kg−1 [55] and they lose their viability very quickly in natural conditions [56],
(personal observation), with 50% reduction in just one or two weeks [56]. Therefore, water availability
at this stage is essential. The direct sun requirement for development (heliophilic) and its rooting
capability from plant segments enable this species to colonise open environments [57–60].
2.2. Study Areas
The study was developed in an Atlantic coastal region, located in the southwest of Europe
(Figure 1A). The two study areas were Monte Pindo (Pindo, A Coruña, Spain, UTM 29T 490710 4748473,
ETRS89), for the field study and for C. scoparius seed collection, and Brañas of Reveirugas (Baio,
A Coruña, Spain, UTM 29T 503600 4779811, ETRS89) for S. atrocinerea seed collection. The seeds were
picked in 2015; C. scoparius seeds in July and S. atrocinerea in May. C. scoparius is a seeder species and
the community of old C. scoparius was established after a fire occurred 10 years before seed collection.
S. atrocinerea old plants had been established in the area 13 years before and had not experienced fire or
cutting. The young mother plants were established in an area that suffers periodic disturbances, the
last disturbance took place 3 years ago (personal observation).
These areas have a granitic substrate [61] and acidic soils. Average annual rainfall and temperature
are 1470 mm and 12.5 ◦C respectively [62]. Precipitation is distributed throughout the year and there is
no summer drought (Figure 1B). Monte Pindo experienced a big fire in September 2013 that burned
1.900 ha of forested lands and left burned areas with varying degrees of severity. Before the fire, the
dominant vegetation in Monte Pindo were Pinus pinaster Aiton pine forests with undergrowth of Ulex
europaeus L., C. scoparius, Rubus ulmifolius Schott, Halimium lasianthum (Lam.) and wet areas were
dominated by S. atrocinerea. In Brañas of Reveirugas the dominant vegetation was S. atrocinerea tree
stand with Betula celtiberica Rothm. and Vasc. and Alnus glutinosa (L.) Gaertn intermixed and of U.
europaeus and Genista berberidea Lange undergrowth.
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2.3. Post-Fire Regeneration
To reach objective 1, areas of different severity (high severity (HS), and low severity (LS)) were
selected in t e Pindo Mount study area. In ord o allocate fi ld plots in all burn severity situations
we followed a stratified ra dom design Specifically, Calvo et al. erformed the burn sever y map [63]
of the last fire us ng the differ nced normalized burn ra io (dNBR) [64], which i th s and rd burn
severity sp ctral index [6]. The data source used to calculate this index ere Landsat 8 scenes from
August 30th 2013 and September 15th 2013. Lan sat images, which have a spatial resolution of 30 m ×
30 m, were atmospherically corrected using the FLAASH (The Fast Line-of-sigh Atmospheric Analysis
of Spectral Hypercubes) algorithm and topographically corr cted w th the C-correction, obtaining the
land surf ce reflectance for each band (see Fe nández-García e al. for further details [6,65]). Then
dNBR was calcula ed as follows:
NBR = (ρ5 − ρ7)/(ρ5 + ρ7)
Dnbr = (NBRpre − NBRpost) − offset.
NBR being the normalized burn ratio index; ρ5, the land surface reflectance of Landsat 8 band 5
(Near Infrared); ρ7, the land surface reflectance of Landsat 8 band 7 (Short Wave Infrared 2); dNBR, the
differenced normalized burn ratio with values ranging from −2 to 2; and offset, the average dNBR
value from pixels in homogeneous unburned areas.
The burned area was classified into low and high severity categories using the dNBR value of 0.55
as the threshold [13,65]. We distribute field plots proportionally to each severity category, establishing
a minimum of five plots.
After severity determination, stratified sampling was carried out. We considered an ecosystem of
C. scoparius or S. atrocinerea provided that the dominant species was present in the 12 sampling units of
1 × 1 m. Forty 30 × 30 m plots were randomly located in ecosystems of C. scoparious and S. atrocinerea.
Ten were in high severity and ten were in low severity in each community. In addition, 10 control plots
(not burned) (at least 15 years without burning) were sampled, five with the presence of C. scoparius
and five with the presence of S. atrocinerea. Burned and unburned plots were separated between 0.9
and 6.5 km. In each plot, three subplots of 2 × 2 m were delimited. The subplots were divided in four
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1 × 1 m sampling units (Figure 1C). Inside every sampling unit, the following measures were taken by
visual estimates: the vertical cover, that is the percentage of vegetation cover present in different layers
located vertically from the ground up, in three vertical stratum (0–1 m, 1–4 m, >4 m); the percentage of
horizontal cover of herbaceous species and woody species; and the average height of the community.
To determine the height of the community, one measurement was taken in each sampling unit of 1 × 1
m, obtaining 12 height datapoints by plot. The horizontal cover and the height of the community are
good indicators of the speed of recovery of the vegetation. The vertical cover serves to identify if the
architecture of the vegetation has been recovered. For these reasons, we collected all three measures.
Plant cover and height were measured during the summers of 2015, 2016, and 2017.
2.4. Viability and Germination
Since, in preliminary essays C. scoparius presented low germination, the seeds of this species were
subjected to a viability test to check the health of the seed. Scarified seeds of C. scoparius were subjected
to a solution of 2,3,3-triphenyl tetrazolium chloride salt at 1%. Five replicates, of 25 seeds each, were
made [29,38]. The seeds were kept in the solution for 48 h in the dark and then all tincted seeds were
recorded as live seeds. Also, in preliminary essays, S. atrocinerea presented a very high germination,
which indicated a high viability as well.
To achieve objective 2, C. scoparius seeds from mother plants of different ages: 3 and 10 years
old (Young and Old plants respectively, henceforth YP and OP) were picked in Monte Pindo. On the
other hand, seeds of S. atrocinerea from a population with two different ages were selected in Brañas of
Reveirugas. Mother plants were 3 and 13 years old (Young and Old plants respectively).
The treatments were carried out for both species following the methodology of Cruz et al. [29].
From each treatment and mother plant age, five replications of 25 seeds were made per Petri dish,
following ISTA (International Seed Testing Association) standards [66].
The fire-related factors tested were smoke, charcoal, ash, and heat. Smoke treatments were
obtained by exposing the seeds for 5, 10, and 15 min to a smoke-saturated atmosphere following the
methodology of other works [23,67,68]. Two charcoal treatments were applied, one with charcoal from
the studied species (C. scoparius or S. atrocinerea) and the other one with charcoal from U. europaeus, the
most abundant shrub species in the understory of forest ecosystems in northwestern Spain. The seeds
were incubated in Petri dishes on 0.26 g (411 kg/ha) of charcoal from the corresponding species. This is
the equivalent amount of charcoal measured by Ohlson and Tryterud [69] after experimental fires in
the boreal forests of Scandinavia and is the dose used in previous works [70].
The applied treatments of ash were Ash1 (0.027 g/Petri dish, 43.5 kg/ha), Ash2 (0.055 g/Petri dish,
87 kg/ha), Ash3 (0.11 g/Petri dish, 174 kg/ha), Ash4 (0.275 g/Petri dish, 435 kg/ha), and Ash5 (0.55
g/Petri dish, 870 kg/ha). These quantities correspond to multiples of the quantity collected by Soto el
al. [71] following a controlled burning conducted in an Atlantic shrubland of southwestern Europe.
The ash was obtained from the total combustion and the charcoal from the partial combustion (~20
min) of dried material (principally branches and leaves) of C. scoparius and S. atrocinerea. Ash was
separated from charcoal and other fractions with a 0.4 mm mesh size sieve and the charcoal from the
rest of the charred material with a 2.1 mm mesh size sieve. Ash and charcoal were then placed on the
respective dishes and the seeds were sown on top.
A forced air oven was used to apply the thermal shocks to the seeds. The tested temperatures
were 80 ◦C, 110 ◦C, 150 ◦C, and 200 ◦C and the exposure times were 5 and 10 min. Temperatures
and exposure times correspond to those registered at different soil depths during forest fires and
experimental burns by Auld and O’Connell [72] and Bradstock and Auld [73] in Mediterranean
ecosystems of the south-east of Australia, by Dunn and DeBano [74] in chaparrals of California, by
Trabaud [75] in French garrigues and Díaz-Fierros et al. [76] in shrublands of northwestern Spain.
Lastly, in species stimulated by fire the combined effects of the fire factors were tested. We
selected the treatments that increased germination the most and we performed the following
combined treatments:
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SCAH: Smoke 10 min + C. scoparius Charcoal + Ash 1 + 80 ◦C, 10 min
SH: Smoke 10 min + 80 ◦C, 10 min
CA: C. scoparius Charcoal + Ash 1
Immediately after the application of each treatment, every Petri dish was watered with 4 mL
of distilled water and thereafter with a suitable amount of water needed to allow germination of
the seeds. The seeds were incubated in a germination chamber. Following other authors [36,68],
the incubation photoperiod was 16 h of light at 24 ◦C and 8 h of darkness at 16 ◦C; to simulate the
thermophotoperiod which coincides with that registered in the northwest of the Iberian Peninsula
during summer. Germination was monitored three times every week until the germination ended
(several days without germinated seeds in both treatments).
With the viability data of the seeds, the percentage of viability was calculated, and with the
germination data, the percentage of germination, and the germination rate through T50 (average of the
time it takes to produce 50% of the total germination) were calculated.
2.5. Statistical Procedures
C. scoparius and S. atrocinerea fire responses were statistically analysed through both the data
obtained in post-fire regeneration and in the germination tests.
Linear mixed-effects models were used to evaluate the effects of Severity and Years after fire on
post-fire regeneration with a 0.05 level of significance. Independent analyses for C. scoparius and S.
atrocinerea were carried out in a fully factorial analysis with the fixed factors Severity and Year. The
random effects of Sampling Unit and Subplot, subsequently nested within the random variable Plot,
were added to account for the spatial relationships in the field data. Control plots were also included
in the analysis as unburnt. The LSD (Least Significant Difference) method was used as a post-hoc test.
A fully factorial General linear model (GLM) with a 0.05 level of significance was used to test
the effects of fire, scarification treatments, and mother plant age on the germination percentage and
T50 of C. scoparius and S. atrocinerea seeds. In order to meet the assumptions of the analysis, the
germination percentage and the T50 data were square-root transformed. Treatments with less than
three replicates over 0% germination were removed from the T50 analysis. Tukey tests were used for a
posteriori comparisons.
To perform these statistics, IBM SPSS Statistics 24 was used.
3. Results
3.1. Natural Regeneration
The vertical structure of both communities reflects important differences between them; the
community of C. scoparius is a high shrubland community, in which the development of the layer over
4 m high is scarce and, in contrast, the community of S. atrocinerea is a forest community that tends to
increase the cover of the upper stratum over time (Table 1). After the fire, the community of C. scoparius
quickly recovered the 0–1 m stratum, exceeding the values of the unburnt community (49.5%) both in
LS (81.4% after 2 years, 84.6% after 3 years, and 86% after 4 years) and in HS (92.9% after 2 years, 94.8%
after 3 years, and 95.9% after 4 years). There are highly significant differences between unburnt and
post-fire cover at both levels of severity (p < 0.001).
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Table 1. The stratum cover (x±sd) reached in unburnt areas and burned areas 2, 3, and 4 years after fire
with different fire severity levels in the C. scoparius and S. atrocinerea communities.
Unburnt
Burnt
Low Severity (Time after Fire) High Severity (Time after Fire)
2 years 3 years 4 years 2 years 3 years 4 years
Cytisus scoparius
>4 m 38.8 ± 16.3%a 0.2 ± 0.3%b 0%b 0.73 ± 2.4%b 0%b 0%b 0%b
1–4 m 63.3 ± 11.2%a 11.7 ± 8.1%c 19.2 ± 9.4%b 22.81 ± 9.3%b 5.5 ± 5.1%c 5.3 ± 4.5%bc 10.5 ± 6.5%b
0–1 m 49.6 ± 14.6%a 81.4 ± 7.5%b 84.6 ± 6.6%b 86.0 ± 6.5%b 92.9 ± 5.1%b 94.8 ± 4.6%b 95.9 ± 3.4%b
Salix atrocinerea
>4 m 77.1 ± 14.3%a 0.6 ± 1.4%b 0.5 ± 0.8%b 0.3 ± 0.7%b 0%b 0%b 0%b
1–4 m 32.5 ± 16.4%a 13.1 ± 7.8%c 17.7 ± 8.6%c 23.7 ± 8.8%b 0.9 ± 1.4%b 0.3 ± 0.4%b 2.5 ± 3.1%b
0–1 m 80.8 ± 12.5%ab 74.1 ± 8.7%a 79 ± 7.4%ab 81 ± 7.6%ab 78.4 ± 7.9%ab 85.1 ± 7.3%bc 89.3 ± 6.1%c
UB: unburnt, HS: high severity, LS: low severity. Results were measured in three stratum (0–1 m, 1–4 m, and >4 m).
Different lowercase letters indicate differences between severities.
The second stratum, 1–4 m high, reaches 63.3% of cover in the unburned community and after fire
began a slow recovery that was stronger in LS areas (11.6% after 2 years, 19.2% after 3 years, and 22.8%
after 4 years) than in HS areas (5.5% after 2 years, 5.3% after 3 years, and 10.4 after 4 years). Also in
this second layer, the differences recorded between the unburnt area and burnt area with high and
low severity were statically significant (p < 0.001). The third stratum, more than 4 m high, shows an
average value of 38.7% in unburned areas, after fire only in areas of low severity. Some cover was
detected and it was lower below 1% in the 4 years post-fire.
Highly significant differences were detected between the unburnt areas and burnt areas, LS and
HS burnt areas (p < 0.001). In the unburnt S. atrocinerea community the 0–1 m stratum presented high
percentage of cover (80.8%), after LS of fire plants cover recovered quickly and in the second year
(74.1%) it is near to the unburnt value. There were no significant differences between the unburnt cover
and LS burnt cover in 0–1 m stratum (Table 1). However, after HS fire, the regeneration of vegetation
was so fast that 3 and 4 years after, the post-fire cover (85.1% and 89.3% respectively) surpassed the
pre-fire cover which led to significant differences between them (p < 0.001, Table 2).
Table 2. T50 (x ± sd) reached by C. scoparius and S. atrocinerea seeds of Old and Young mother plants
under fire treatments.
Cytisus scoparius Salix atrocinerea
Treatments Young plants Old plants Young plants Old plants
Control 28.3 ± 18.5a 66 ± 12.9z 4 ± 0a 4.8 ± 0.3z
Smoke
5 min 45.4 ± 18.3a 57.6 ± 27.5z 4.8 ± 0.3ab 4.8 ± 0.3z
10 min 68.4 ± 13a 80.5 ± 13.5z 4 ± 0a 4 ± 0z
15 min 52 ± 20.3a 25.4 ± 12.1z 5.2 ± 0.3ab 4 ± 0z
Ash
1 57.6 ± 14.9a 67.8 ± 29.8z 4 ± 0a 4 ± 0z
2 71.8 ± 24.9a 57.4 ± 25.6z 5.33 ± 0.3ab 4 ± 0z
3 75.8 ± 25.7a 68 ± 9.2z 7 ± 1.1bc 5.6 ± 0.4z
4 wd 110wr 7.6 ± 0.2c 8wr
5 wd wd 8 ± 0cd 13wr
Thermal shock
80 ◦C-5 min 54.4 ± 13.2a 57.6 ± 10.8z 10 ± 0d 6.2 ± 0.3z
80 ◦C-10 min 62.6 ± 11.7a 55.6 ± 10.1z 10 ± 0d 7.5 ± 0.9y
110 ◦C-5 min 78wr 57.6 ± 23.1z wd wd
110 ◦C-10 min wd wd wd wd
Charcoal
U. europaeus 78 ± 22.6a 57 ± 10.5z 6.4 ± 0.2bc 6.4 ± 0.4z
C. scoparius 78 ± 22.6a 44.5 ± 12.2z wd wd
S. atrocinerea wd wd 4.4 ± 0.2a 5.2 ± 0.3z
Combined
treatments
SCAH 48.2 ± 4.2a 54.2 ± 3.4z wd wd
SH 72 ± 5.3a 59.6 ± 4.2z wd wd
CA 55.5 ± 6.1a 36.25 ± 8.4z wd wd
Wd (without data): Treatments without germination have no value of T50. Different letters on the bars indicate
significant differences between the treatments and the control of the same mother plant age. Wr (without enough
replicates): Treatments with less than three values of T50 and thus GLMs could not be applied.
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The unburnt 1–4 m layer is little dense (32.5%) and after fire recovered more slowly in HS areas
than in LS areas, but even after 4 years the cover percentages were lower than those of unburnt
areas (p < 0.001, Table 2). The >4 m stratum presented 77.1% of cover pre-fire and it was significantly
different to all cover values after fire. Natural regeneration of this stratum was very slow. Two, 3, and
4 years after fire in LS areas had percentages under 1%. In HS areas the >4 m layer totally disappeared.
In terms of horizontal cover, we found that the woody cover of the C. scoparius community and
S. atrocinerea community tended to increase over time after the Monte Pindo 2013 wildfire (Figure 2a,b,
p < 0.001). In the unburnt area, the C. scoparius community covered 91.4% of land and, 4 years after fire,
reached 60.7% in LS and 75.8% in HS. In this community, the woody cover reached during the third and
fourth year after fire was significantly greater than that obtained during the second year (Figure 2a).
Fire severity affected woody species cover so that the C. scoparius community reached greater cover in
HS areas (Figure 2a, p < 0.001). In the S. atrocinerea community, woody cover of the unburned areas
(97.7%) was significantly greater than that achieved in the post-fire years studied (67.3% in LS and 66%
in HS after 4 years of post-fire regeneration). In this community, each year the woody cover increased
significantly compared to the previous one (Figure 2b, p < 0.001), but the severity did not significantly
affect the regeneration of the woody cover (Figure 2b).
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The average height of the C. scoparius community, in 4 years of vegetation development (102.5 
cm in LS and 74.3 cm in HS), did not reach the height of the unburned community (223.0 cm). Yet, 
we detected a significant increase in the height over time (Figure. 3a, p <0.001) and LS favoured the 
growth in height of this community during the third and fourth year after fire (p <0.001). In the S. 
atrocinerea community, differences between the average height of the unburned community (800.2 
cm) and the regenerated community (99.5 cm in LS and 62.8 cm in HS) were even more noticeable 
(Figure. 3b). Significant differences were detected between the unburned community and the 
regenerated community at 2, 3, and 4 years after fire (p <0.001), and also between the two levels of 
severity within each post-fire year studied (p <0.001). 
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Figure 2. (a–d): The horizontal cover of woody and herbaceous species reached in unburnt areas and
burned areas 2, 3, and 4 years after fire with different fire severity levels in C. scoparius and S. atrocinerea
communities. a: woody cover of C. scoparius community, b: woody cover of S. atrocinerea community,
c: herbaceous cover of C. scoparius community, d: herbaceous cover of S. atrocinerea community, HS:
high severity, LS: low severity. Different lowercase letters indicate differences between severities and
different uppercase letters indicate differences between unburnt and post-fire years.
The herbaceous cover of the C. scoparius community was significantly lower in the unburnt areas
(40.6%) than in the burnt areas (62.9% in LS and 72.6% in HS after 4 years post-fire regeneration),
with both LS nd HS (p < 0.001, Figure 2c,d). In the S. atrocin rea communi y, the h rbaceous cover
of u burnt areas (80.2%) was significantly higher than that of burnt areas (45.5% in LS and 66.8% in
HS areas after 4 years post-fire r generation) (p < 0.001, Figure 2d). After fire, herbaceous cover did
not change over time e ther in the C. scoparius community (Figure 2c, p = 0.980) or in the S. atrocin rea
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community (Figure 2d, p = 0.197), but the severity did significantly affect regeneration in each year of
study (p < 0.001 in both communities). The cover obtained in HS areas was greater than LS areas.
The average height of the C. scoparius community, in 4 years of vegetation development (102.5 cm in
LS and 74.3 cm in HS), did not reach the height of the unburned community (223.0 cm). Yet, we detected
a significant increase in the height over time (Figure 3a, p < 0.001) and LS favoured the growth in height
of this community during the third and fourth year after fire (p < 0.001). In the S. atrocinerea community,
differences between the average height of the unburned community (800.2 cm) and the regenerated
community (99.5 cm in LS and 62.8 cm in HS) were even more noticeable (Figure 3b). Significant
differences were detected between the unburned community and the regenerated community at 2, 3,
and 4 years after fire (p < 0.001), and also between the two levels of severity within each post-fire year
studied (p < 0.001).
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Figure 3. (a,b): The average height reached in unburnt areas and burned areas 2, 3, and 4 years after
fire with different fire severity level in the C. scoparius and S. atrocinerea communities. : height of
C. scoparius community, b: height of S. atrocinerea community, HS: high severity, LS: low severity.
Different lowercase letters indicate differences between severities and different uppercase letters indicate
differences between unburnt and post-fire years.
3.2. Viability and Germination Response
The viability of C. scoparius seeds was 100% in seeds from both mother plant ages. With respect to
S. atrocinerea, some replicates of different treatments of both plant mother age reached 100% germination,
and the viability of S. atrocinerea was high as well.
C. scoparius seeds of both ages presented important differences in the percentage of germination,
then the seeds from Young Plants (YP) obtained an average value of 9.9% and the seeds from Old
Plants (OP) obtained a value of 12.3%. Major differences were found among the other treatments and
the applied GLM detected highly significant differences between the seeds from different mother plant
ages (p < 0.001).
Within each age, the different treatments provided very different germination, and the GLM
detected significant differences (p < 0.001) between the control and the fire treatments. The control
germination percentages of C. scoparius were low; 4% for seeds from YP and 3.2% for seeds from OP
(Figure 4a). Smoke treatments and charcoal treatments did not significantly modify the germination
of the seeds from the two age classes of mother plants. The treatments of Ash 1, Ash 2, and Ash 3
in seeds from both mother plant ages, and Ash 4 in seeds from OP did not modify the germination
of C. scoparius. However, Ash 4, in seeds of YP, and Ash 5, in all the seeds, completely annulled
their germination.
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young and old plants after fire treatments. Different letters on the bars indicate significant differences
between the treatments and the control of the same mother plant ages.
The heat treatments produced different germinative responses depending on the intensity of the
treatment, 80 ◦C, 10 min, in seeds from YP; and 80 ◦C, 5 min, and 80 ◦C, 10 min, in seeds from OP,
increased germination. The increase was eight times the control value with the last treatment. On the
other hand, 80 ◦C, 5 min and 110 ◦C, 5 min, in seeds from YP, and 110 ◦C, 5 min, in seeds from OP, did
not modify the control germination while 110 ◦C, 10 min or more severe heat treatments completely
inhibited the germination of seeds from both mother plant ages.
Since the seeds of this species act positively upon stimulation, combined treatments were
performed. We found that the combination of smoke, charcoal, ash, and heat (SCAH), on the one
hand, and smoke and heat (SH), on the other, produced a very sharp increase in germination reaching
levels of 60% for seeds from YP and 80% in seeds from OP (Figure 4a). This behaviour multiplied
germination control of the seeds by 15 from YP and by 26 those of OP. Conversely, the combined
treatment of charcoal and ash (CA) did not significantly modify the germination.
Among the treatments, significant differences were also found in S. atrocinerea (p < 0.001). The S.
atrocinerea percentage of germination in the Control treatment reached 86.4% in seeds from YP and
84.8% in seeds from OP (Figure 4b). The smoke treatments Smoke 5 min and Smoke 10 min provided
very high germination percentages and similar to the control, being higher in the seeds from OP than
in seeds from YP. Within 15 min of exposure to smoke there was a significant reduction of germination
in the seeds of both age classes, reaching 45.6% and 46.4% of germination in seeds from YP and OP
respectively. Salix charcoal produced germination similar to the Control in seeds from YP (63.2%) but
significantly lower in the seeds from OP (48%). Ulex charcoal significantly reduced germination at half
the Control level in the seeds from YP (32.8%) and a quarter in the seeds from OP (17.6%).
All the ash treatments tested reduce the germination of the seeds of mother plants of both ages,
but in the seeds from YP, Ash1, Ash2 and Ash 5 produced very strong inhibitions giving percentages
of 16.8%, 12.8%, and 2.4% respectively, while with Ash 3 and Ash 4 the percentages of germination are
slightly higher (33.6% and 23.2% respectively). In the seeds from OP, the reduction in germination is
greater with a higher ash concentration, reaching values of between 57.6% with Ash 1 and 0.8% with
Ash 5. The heat treatments also strongly inhibit germination and with 110 ◦C, 5 min the inhibition
is total. It should be noted that seeds from YP are more resistant to the negative effects of heat and
germinate more (55.2%) than seeds from OP (13.6%) when subjected to 80 ◦C for 5 min.
3.3. Germination Timing (T50)
On average, half of the C. scoparius germination occurs in 45.8 days in seeds from YP and in 46.9
days in seeds from OP (Table 2). The T50 Control of seeds from YP was 23 days, while the T50 Control
of seeds from OP was 66 days. A tendency can be highlighted in both ages: As the applied treatments
(smoke, ash, or thermal shock) increased in intensity level, the T50 value increased; however, these
values were never significantly larger than for the control treatments. The combined treatments carried
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out reached T50 between 40 and 70 days, depending on the treatment and the age analysed. Despite
these differences, there were no significant differences between the T50 values of seeds from the two
mother plant ages, nor between fire treatments (p = 0.930).
The germination of S. atrocinerea seeds (6.1 ± 0.5 days) were very fast compared with the
germination of C. scoparius seeds (46.4 ± 15 days, Table 2). The germination of S. atrocinerea occurred
between 4 and 10 days in almost all the treatments carried out on this species, both in YP seeds and in
OP seeds and there were no significant differences between them (6.2 days in YP seeds and 6 days
in OP seeds). Nevertheless, there were significant differences between some fire treatments and the
Control (p < 0.001). The T50 value of S. atrocinerea in the Control was around 5 days for both ages.
There were high significant differences between the Control and Charcoal Ulex, Ash3, Ash4, Ash5,
80 ◦C, 5 min, and 80 ◦C, 10 min in YP seeds and only 80 ◦C, 10 min in OP seeds. Likely, Ash4 and Ash5
would also be significantly different if there were enough replicates with germination. The treatments
of smoke, Salix charcoal, and low doses of ash did not modify the speed of germination.
4. Discussion
Fire severity modulates the natural regeneration of the communities of C. scoparius and S. atrocinerea
and performs much stronger effects on the germination of these species.
4.1. Fire Effects on Natural Regeneration
Fire severity affected the recovery of the C. scoparius community and S. atrocinerea community
upper stratum, so that the more the severity the lower the recovery. The physiognomy of both
communities before the fire was distinct and reflected in their vertical structure. The most abundant
stratum in the C. scoparius community was intermediate stratum, while in the S. atrocinerea community
the low and high stratum were dominant. The fire simplified the vertical structure of both communities
turning them into communities dominated by the low stratum and with near elimination of the
high stratum. Álvarez et al. [77] found this same effect in forests of Quercus pyrenaica; Willd and
Muñoz et al. [21] in the heathlands of Erica ciliaris Loefl. ex L. and Erica tetralix L.
C. scoparius and S. atrocinerea are the taller and more abundant species of their respective
communities, likely, they will need more than four years to regenerate the upper stratum, even in a
favourable microclimate for plant growth, such as southwestern Europe [78]. Dzwonko et al. [79] also
found different effects of fire severity in the different vertical stratum of Salix cinerea L. in forests of
Poland and, in their study, the upper stratum did not begin to recover until the seventh year after fire.
In the C. scoparius community, woody cover remained below the unburnt community cover, with
increases year after year. The larger increase being in HS areas over LS areas. The studied C. scoparius
community was composed of several species with stimulated germination by fire as C. scoparius [36],
(this study), U. europaeus [80], or Halimiun alyssoides (Lam.) Greuter [36] had a very abundant soil seed
bank [81–83]. Probably high temperatures and smoke of HS areas strongly stimulated the germination
of the seeds of soil bank [36] this study, resulting in a large number of seedlings in the first year after
fire that increased in cover over time.
Fernández-García et al. [13] found that HS favoured development of cover of shrub species in
P. pinaster ecosystems with very similar species composition of underwood, and Bowman et al. [84]
found the same in Eucalyptus delegatensis F.Muell. ex R.T.Baker ecosystems (an ecosystem dominated
by a seeder species and with a very different specific composition). The herbaceous species cover
reached the cover of the unburnt community in the second year post-fire and after that it decreased,
particularly in HS areas. Likely, the greatest development of woody cover reduced light intake into the
lower strata [85] and that led to a lower cover over time and less in HS than in LS.
In the S. atrocinerea community, four years of regeneration was not enough to match the woody
and herbaceous cover of the unburnt community. S. atrocinerea disperses its seeds in early spring
and does not form persistent seed banks. Rather, its seeds germinate quickly or die within a few
weeks [56], personal observation. The Monte Pindo 2013 large fire occurred in the summer and at that
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time there were no seeds available to germinate, both in the burned area and outside of it. The post-fire
regeneration of S. atrocinerea initially occurred only after regrowth. In later years, seeds from unburnt
areas could have arrived but competition for resources was already high in the second post-fire year.
As in the C. scoparius community, the decline of the herbaceous cover of S. atrocinerea community over
time could be related to woody cover increases [86].
Severity reduced growth in the height of the two communities. The average height of both
communities began to recover slowly after the fire and fire severity marked differences in regeneration,
with recovery being faster in LS areas more than in HS areas. The lower height growth in the HS areas
may be due to lower soil fertility. In acidic soils, like those in this study, Fernández-García et al. [87] found
inverse relationships between various soil properties (microbial biomass, phosphatase, β-glucosidase,
and organic C) and fire severity. Also, for a month and a half after the Monte Pindo fire, there was
very heavy rainfall (305 L/m−2) with 1 episode of rain of 61.8 L/m−2 in 24 h and three episodes of
rain with higher amounts up to 30 L/m−2 in 24 h [62]. Due to the abundant rainfall and steep slope
(approximately 25%), massive amounts of soil and fertility were dragged. The damage was probably
greater in the HS than in the LS areas as the stability of the soil aggregates and the soil organic carbon
decreases with severity [88].
4.2. Mother Plant Effect
The mother plant effect on the germination of the two studied species were different. The mother
plant age determined germination percentages of C. scoparius seeds, but not of S. atrocinerea, and seeds
of OP germinated more in response to fire cues (heat and smoke). Germination speed was independent
of the mother plant age in both species. This also occurs in other species such as P. pinaster and Acacia
melanoxylon R.Br. [29,89].
4.3. Fire factors Effects
Fire severity, through combustion or lethal heating during burning, directly determines the
availability of post-fire in situ propagules generated [90]; however, it can also lead to greater recruitment
of seedlings and resprouts [12,38] and, likely, this affects the natural regeneration of communities.
Our results showed that the germination behaviour of C. scoparius and S. atrocinerea were strongly
influenced by certain fire factors. They did not modify the germination rate of C. scoparius but exerted
large effects on the germination percentage. Smoke did not modify the control germination of C.
scoparius but did on S. atrocinerea; it was reduced after 15 min of exposure to smoke.
In other studies with leguminous species such as C. scoparius and Cytisus striatus (Hill) Rothm. [36]
or Acacia melanoxylon [67] no significant effects of smoke on germination were found. In contrast,
Pérez-Fernández and Rodríguez-Echevarria [91] detected smoke stimulating effects in Trifolium
angustifolium L. and Retama sphaerocarpa (L.) Boiss with exposure to smoke for 10 min but not for 20 min.
Reyes and Trabaud [92] detected germination inhibition of Cistus albidus L., Fumana ericoides (Cav.)
Gand., Bituminaria bituminosa (L.) C.H.Stirt. and Emerus major Mill. It is possible that each species has a
different sensitivity to smoke and that short exposure times stimulate or maintain it around control
values. An extended exposure to smoke would likely lead to germination reduction.
Charcoal did not modify C. scoparius germination and reduced S. atrocinerea germination, with Ulex
charcoal having a stronger inhibition effect than Salix charcoal. In other leguminous species, charcoal
inhibition of germination was not found either, such as Acacia dealbata Link. and A. melanoxylon [70]
or T. angustifolium and R. sphaerocarpa [91]. The charcoal effect seem to depend on the nature of the
charcoal [70].
Thermal shocks of 80 ◦C for 5 and 10 min stimulated the germination of the seeds of C. scoparius
OP. The seeds from C. scoparius YP only were stimulated to germinate with exposures to 80 ◦C for a
period of 10 min. In addition, the combined treatments that included heat and smoke (SCAH and SH)
greatly stimulated the germination of C. scoparius by multiplying the control germination of the seeds
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of young plants by 15 and that of mature plants by 26 [93]. It also found stimulation of germination by
smoke or heat in 77% of 30 Mediterranean species [93].
More severe heat treatments inhibited the germination of C. scoparius seeds of both mother plant
ages. Cocks and Stock [94] found optimal germination of the fynbos legume species to be between
80 ◦C and 100 ◦C; whereas the highest mortality occurred at longer durations of 100 ◦C exposure and
120 ◦C. Similar trends were found by Auld and O’Connell [72], whereas Riveiro et al. [31] determined
that exposure to 150 ◦C is lethal to seeds of Daucus carota L., Helichrysum foetidum (L.) Moench., and
Oenothera glazioviana Micheli.
The seeds of S. atrocinerea showed a high control germination in a very short time (85% in 7 days),
a characteristic shared with other Salix species such as Salix caroliniana Michx. [95], and a large reduction
in their percentage and germination speed with virtually all fire factors. Only the smoke for 5 and
10 min did not change its control percentages. The seeds of YP resist well at 80 ◦C for 5 min and the
seeds of OP for the low doses of ash. Therefore, after a fire, the recovery of S. atrocinerea populations,
through germination, would be limited to seeds from unburned areas and for the short period of time
during which the seeds are dispersed and viable. However, this resprouting strategy allows Salix
species a very good recovery [96,97] (this study).
5. Conclusions
The regeneration response after fire in Monte Pindo was largely controlled by interactions between
fire severity and species regeneration strategies, as found in many other studies of mediterranean
ecosystems [63,98,99]. The C. scoparius community seemed to be better adapted to fire than the
S. atrocinerea community, as its woody horizontal cover 4 years after fire was very close to the unburnt
plots cover. The woody cover was greater in high-severity areas that in those of low severity, and the
germination of C. scoparius seeds was greatly stimulated by heat and particularly, by the combination
of heat and smoke. In addition, C. scoparius seeds are viable for a long time and form abundant soil
seed banks, from which they can restore their populations after fire.
In contrast, the horizontal woody cover of the S. atrocinerea community did not approach that of
the unburnt community. Recovery was similar in low-severity and high-severity areas, and fire factors
tended not to inhibit or increase S atrocinerea germination. Also, the seed viability of S. atrocinerea is
lost quickly, preventing the formation of a seed bank. The germination results provide an important
reference for post-fire management. When using C. scoparius seeds for revegetation, for example, they
should be treated previously with a combined heat treatment of 80 ◦C and smoke for 10 min, as it is
cheap and very effective. However, Salix seeds should be used without treatment and immediately
after dispersion.
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